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Mass dependence of the transverse momenta of Au projectile fragments at A(GeV
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The transverse momenta,(,p,) of projectile fragments produced by A0GeV **’Au nuclei incident on
Au and C targets have been measured. The medium and heavy fragmenfs laaap,, distributions, which
are wider than predicted by models. For the Au target the widths of the distributions are significantly larger
than those for C, particularly for the heavy fragments. The C distributions show a different gross structure,
which may be due to the target-projectile size difference.
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INTRODUCTION Uhlenback(BUU) calculations is better for predictions based
on an equation-of-stat&EOS with stiff (largerK) compress-
Studies of nuclear matter and its equation of state conibility, or with a smallerK when substantial momentum de-
tinue to be of considerable interest. Collisions between heavpendence interaction strength is includ@d. At this point,
nuclei offer many possibilities for systematic studies of thisthe BUU and relativistic quantum molecular dynamics
nature. However, these are not straightforward due to thé€RQMD) models do not predict the motion of the “specta-
transient and complex nature of such collisions and the fader” nucleons as collective fragments. However, one expects
that only properties of final products can be measured. Comfhat some compressional energy will be transmitted to these
prehensive sets of data and calculations are necessary in GRectator pieces of nuclear matter. In fact, in earlier experi-
der to interpret the collisions and extract information con-TeNts at the Bevala®, 9], a transverse momentum compo-
cerning the properties of nuclear matter. nent of heavy fragments produced in the fragmentation of a

. . : : ._range of nucleiAr to Au), was identified. These first mea-
Systematic studies of the collective flow of particles, in surements for heavier projectile&Nb, a, and 7Au,

duced by nuclear collisions, were first carried out in the glo- o .
- showed that the transverse momentum distributions, particu-
bal analyses of collision events captured by the neanty 4

. larly those of the heavier fragments, are considerably broader
plastic ball/wall[1,2] and streamer chambg3] detector sys- than predicted by the models of Goldhal] (Fermi gas

tems. Collective ro_w was observed in a range of rapidi_tiesand Lepore and RiddefLR) [11] (shell mode). On the other
populated by participant nucleons and their composites,ang the pioneering fragmentation measurements of Greiner
while “bounce-off” nucleons and light composites were o 5 112] using light projectiles, found momentum compo-
found near projectile rapidities. These two effects were preq, .t distribution widths for*é0 and 2C projectile frag-

dicted in early hydrodynamic-like calculations of the COM- ments, which clustered between the Goldhdlié] and LR
pression effects in the collisiorjd]. £11] pr,edictions.

A comprehensive set of nuclear collision measurement Here, we present measurements of the transversar(d

over a wide range of projectile and target nuclei and for momentum combonents of proiectile fragments from
range of energies(250—1970A MeV, have been carried ?y()m GeV9AuU on AB and C targztsj g

out at the Bevalac by the EOS Collaboratif®y13]. The
analysis of flow and its energy dependence for thetAu
system[6] and for the Ni-Cu and Ni+Au systemg7] have EXPERIMENT AND RESULTS
been published. Agreement with Boltzmann-Uehling-
The measurements were taken using the EOS time projec-

tion chambeTPC) [13] [in the 1.3T heavy ion spectrometer

*Present address: Sungkyunkwan University, Suwon, Korea.  system(HISS) field] and the multiple sampling ionization
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chambe(MUSIC) [14]. Referencef5,15] have a description i i
and sketch of the EOS detection system. The TPC, viamul- 200 - = Stable Nuclide
tiple sampling ofdE/dx, provided good particle identifica-
tion and separation fg, d, t, and He particles and for light
ions with rigidities extending at least up te 1.5 GeVkt.

MUSIC [14] has three TPC’s which measure successixely i
y, and x coordinates, each 16 times, for up todBdx 125 L
samples. This produces excellent charge+0.1 to 0.2¢|) k
and position resolutiohl4] (o,~100 to 300 w, except for <E'- 100 [
very light fragments The pooresto, is found with the r

175 |

150 |

heavy beams, probably due to the large numbeb o&ys, 75 b
etc. The MUSIC momentum resolution is dominated by mul- '
tiple Coulomb scatteringMICS). Both the angle uncertainty, 50 ¢

66(MCS), and#, the fragment bend angle in the magnetic
field, are nearly proportional t@/p(p=momentum), so the

momentum resolution is approximately constant. For the Au 0 v A
beam,56,(MCS)~3.0 and 2.3 mrad for the Au and C target, 0 10 20 30_40 5 60 70 80
respectively; for the fragments, the expected scaling

¢_30F(MCS)= 60,(MCS)*(Ag/197) is assumed. The projec- FIG. 1. Mass fragmenAg, derived from the rigidity, vs charge
tile fragments hav@~ poAr wherep, is the momentum per ¢ getected fragments for 10 GeV Au+Au. The squares trace the
nucleon of the projectile, ané the mass number of the valley of nuclide stability. The full line is the prediction from the
fragment. Thus the range of rigidities, proportional to that ofparametrization of Sumereret al.[16].
Ar/Zg, varies by about 20%.

The basic event trigger was set at minimum bias; off-line
events with the largest fragment charge hawvigz 10 were
selected, as discussed below.

'Haugeret al.[15], who also found good agreement with the
parametrization of Refl16]. One expects that the abrasion

The fragment momentum componem is the easiest to fragment, or prefragmenF, as dgfined in the ab.ra.lsion—ablation
determine and has the smallest uncertainty. The diregtisn (AA) model[17], WO[_JId (immediately after coII_|S|o_)1have,
perpendicular to the bending plane, so one only needs t8N @verage, /A ratio close to that of the projectile. How-
measure the vertical deflection anglg. This amounts to  €Ver following excess neutron emission from the highly ex-
measuring they coordinates of the track in MUSIC: The cited prefragment, the neqtron—tp-proton ratio is can|derany
middle TPC measures the position 16 times. This deter- reduced. The expected dispersionZrand A (abrasion has
mines both an averagg and a vector in they plane. The been estimatefl8] using a model based on the assumption
incoming projectile momentunpp=poAp, has its direction  of a clean-cut, sudden interaction AA model and on the as-
determined by two detectofsalled Plutoy separated by 2.2 sumption of zero-point vibrations of neutrons against protons
m. Each Pluto consists of a thin plastic scintillator viewed byin the giant dipole resonance. This produces abrasion-stage
four phototubes symmetrically arranggkb]. An x-y grid of  dispersions irZ/A of ~2%. The ablation stage will produce
scintillating fibers is used to provide an absolute positionfurther dispersion and probably accounts for the larger mea-
calibration. For Au beams, position resolution is negr  suredAr dispersions seen in Fig. 1.
~0o,~0.65 mm, and§6,(MCS)~0.5 mrad. The target The basicAA model only describes noncentral collisions
spot can also be determined by the TPC tracking of particleand assumes that one large abrasion fragr@efragment
back to a vertex. results. The small branching to fission is ignored, as is mul-

Analyses of the measurements of magnetic rigiditytifragmentation, which dominates central collisions. Here we
(pr/Zg) and energy loss produce as shown in Fig. 1, a plofocus on events where at least one large fragment wijth
of pe/py (assumed to bé\g) vs (detected chargeZg for =20 is produced, and study the transverse momentum com-
fragments from 1.8 GeV'®’Au beam incident on an Au ponents of the largest: . The production of heavy, proton-
target. The squares trace the valley of nuclide stab{lithe  rich fragments from Au projectiles has been measured earlier
intensity falloff at largeZg(Ag) is due to the trigger condi- [19] and shows that neutron emission dominates the ablation
tion.] Charges can be separated, butAptvalues. However, stage. This is in accord with the AA modg0] (and statis-
the Ag resolution,o(Ag)=3%, is good enough to tegéee tical model$ wherein low-energy neutron emission is fa-
laten the fragmentation models. It can be seen in Fig. 1 thatored since the corresponding final nuclear state has higher
the detected fragments have a fragment mass centroid locescitation and highetnucleaj state density. The Coulomb
which, forZ>40, lies on the proton rich side of the stability barrier inhibits low-energy proton, alpha, etc., emission to
line. This phenomenon is well known from target fragmen-the higher-excitation, higher-state density regions. This AA
tation studies; see, for example, rBmereret al. [16]. The  model[20] assumes an excitation energy, which is a broad
solid line in Fig. 1 is a prediction for the most probable distribution with a mean near 13 MeV per “hole(per
fragment based on their empirical parametrizafid]. For  nucleon removexin the abrasion stage.
the case of 1A GeV Au on a C target, see Fig. 11 of  Figure 2 shows the corrected values of the standard de-
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viations, o(py) and o(py), for the p, and p, momentum "B ofp) (a) Au+Au at 1.0A GeV
distributions vs(Ag), where(Ag) is the mean value of\ o - O olpy .
for eachZ; determined from data such as that used for Fig. &  * oo 8
1. The corrections include the effects of multiple scattering e - 7 bepore Ridee m

= 1.5 |
and beam angular dispersion. The measured beam angular & . ‘
width was used to calibrate the corrections to the fragment 3 :
momentum widths. The uncertainties in thgp,) data f:» 1
shown in Fig. 2 reflect the uncertainties in these corrections & .
and are calculatetbr estimategito be 27(15)%, 18 (12)%, & 0.5 - Qu®
and 9(6.5% for Ap=150, 100, and 50 for the A(C) tar- = D 0
gets, respectivelyr(p,) uncertainties are 15%-30% smaller 0 ;O 20 80 80 100 120 140 160 180 200
than those for(p,) with differences increasing witbAg). <Ag>
The p, andp, distributions should be the same, [pjtis in
the bending plane and its determination is more uncertain. e oy () AusC at1.0A Gov

S 270 opy

3 - * Goldhaber

ANALYSES AND MODEL COMPARISONS g’ | Lepore Riddel
©
The Fermi gas, independent particle model used by Gold- 2
haber[10] assumes that the only correlation among the mo- 5
menta of the nucleons in the projectile and fragment is that &
imposed by momentum conservation. In the projectile frame  §
this model predicts that the momentum distribution of the = - ;
projectile fragments will be described by i T
0 20 40 60 80 100 120 140 160 180 200
(P =0?(py) = 0*(P,) = 05AR(Ap— Ap)/(Ap—1); <Ar>
) FIG. 2. Experimentall@ Au+Au and (b) Au+C transverse

component momentum widths(p,) ando(p,) vs(Ag). Error bars
are shown for representative, values(see the text Also shown
are predictions of the Goldhaber and the Lepore-Riddell models.

o5=P2/5, whereP. is the Fermi momentum in the projec-
tile nucleus. Pr=265 MeV/c for nuclei near Ay21].) The
model of LR[11] assumes shell-model wave functions with
harmonic-oscillator Gaussian factors. The prediction of thes@aber, arise from the fact that nucleons, abraded from the
two models are shown in Fig(& along with the experimen- projectile[leavingAr(abr)], have an uncorrelated Fermi gas
tal values ofo(py) ando(py) for 1.0A GeV Au+Au. Here, motion, while in the LR case, pair momenta are anticorre-
at this point, we use the mean mass of the detected fragmepited and reduce the fragment momentum produced by the
(Ag) for the data and for the predictions of the two models,abrasion. Bertsch22] has shown for the case 6fAr frag-
e.0.,Ar=(Ag) in Eq. (1). It can be seen that the experimen- mentation, how momentum anticorrelations suppmgsiuc-
tal widths are larger than the model predictions, which arquations of the fragments.
based solely on the projectile nucleon internal momenta. Figure 3 shows values afy(expt) (expt=experimental
When first observed this for heavy fragmef@, this extra  determined from ther(p,) and o(p,) data in Fig. 2. The
width was attributed to the collision dynamics and calleds,(expt) values are, in general, larger than the model pre-
pr(bounce). A simple mod¢B] was used to calculate tiplg  dictions of Goldhaber, and even larger than those of Lepore
brought in by nucleons scattered into the spectator from thand Riddell. Subsequently, there have been theoretical calcu-
participant(overlap region. lations [23], which show that Pauli blocking reduces the
Figure 2b) shows similar comparisons for the AC  Goldhaber values by nearly 50%. These calculations support
data. Note that, véAg), the structure in the data is different the notion that, for projectile fragments, the LR values, based
from that in Fig. 2a). As one goes tqAg) values above as they are on shell model-type wave functions, are more
=90, the momentum widths decrease and are considerabhgalistic in describing projectile-frame momentum distribu-
smaller than the AttAu values[Fig. 2(@)]. For smalleAg)  tions due to the internal nucleon momenta in the projectile.
the Au and C target values are comparable. This suggest¥he x andy values ofe and o should be the same.
Coulomb effects and in addition, a smaller impulse from the  Strictly speaking, to compare to the predictions of the
smaller C target or rather its optical or mean-field potentialabrasion models, one should use the abrasion fragment
in more peripheral collisions. F@A) <90, one can imagine masses, rather than detected fragment masses as were used in
the C nucleus sometimes trying to tunnel through the AuFigs. 2 and 3. This would shift the data to large¥:) but
nucleus and impartingpy) to the fragments. would not change the conclusions concerning the model
The Goldhaber model predicts @y,00(G), which is  comparisons above. Also, in connection with the model com-
nearly a factor of 2 larger thamy(LR): For Au projectiles  parisons, the effects of a statistically nonisotropic particle
00(G) is near 118 andoy(LR) near 59.4 MeV¢. The  (mainly neutron emission have not been corrected for. We
larger momentum component widths predicted by Gold-estimate[9] these corrections to be small except at very
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0.3 ¢ @ Auwauat 108Gy m¥ [g" mean-free-paths in nuclear matter, the lapgevalues of the
[ ; °o:’°:°("x) == Qg fragments could be understoé.
0,25 7 Cofromeley .l Sl S In terms of a macroscopithydrodynami¢ model, one
§ sn!_zf' o . o, ™ can speak of the transfer of compressional energy to the pre-
G 02f ﬁﬁﬁ o % fragment and hence to the detected fragment. The contribu-
;S - " - tion pt(Coul) can be estimated for grazing collisidi2§] as
015 ° pr(Coul)=1432 and 156 MeW or p,(Coul)=py(Coul)
,,,,,,,,,,,,,,,,,,,,,,,,, Goldhaber =1014 and 110 MeW for Au+Au and Aut+C [27], re-
0.1} s spectively. One concludes that Coulomb effects are impor-
Lepore Riddell © tant, and in Fig. 2 one sees, particularly for the heavy frag-
0.05 ' . ments up to (Ag)=165, that the sigma values are

0 100.120 140 160 180 200
<A >

0 20 40 80 8 progressively larger as one goes from the data for the C
target to that of Au targets. Kahat al. [27] present an
0.3 “optical-model momentum transfer” formalism, which they

| W o from ofpy) () AuG S 10 GeY use to successfully describe the A.ZeV'*La+C frag-
0.25 [ © fromey ment transverse momentum componep})( distributions

. [9]. They also fit the 988 MeV Au+Ag o,(o) data[28].
O Do B
W ﬁfﬂ@!
n° -
& fm

The latter datd9] and the Au-CR-39(plastic detectgrdata
[28] at 98A MeV are, within limited statistics, consistent

o, (GeV/c)
o
N

0.15 | with our data.
_________________________ Goldhaber | . Goldhabef10] has suggested that if the projectile nucleus
0.1F receives a collision impuls® in some direction, the mean-
Lepore Riddell squared momentum transfer in that direction would increase
0.05 S from o due to nucleon momeni@ntrinsic) to
0 20 40 60 80 100 120 140 160 180 200

<Ar> 0'2= 02+ QA(Ap | Ap)> @)

FIG. 3. Values of(a) Au+Au and (b) Au+C o, derived from
values in Fig. 2 v§(Ag), with representative error bafsee the for the fragment of masé-, where the transverse compo-
texq). nents ofa? (due to projectile nucleon momentare given by

Eq. (1) with the above estimates tha=50 MeV/c. In this
case(mode) [10] the momentum distribution of the heaviest

small o(py), o(py) values; i.e., where, in these dafs;  fragments is most sensitive to the collision impueCom-
approached\p . paring the data for Au and C targets, one concludes @hat

While the o(expt) values derived here from(p,) and  has a largedt as well as(see Ref[8]) Ap dependence. The
o(p,) are considerably larger than the model values, it isstructure ofQ is not within the scope of this paper, e.g., in a
interesting to note that the longitudinap) component collective model it will(as noted abovecontain nuclear mat-
widths as measured at GSI for A0GeV Au+Au [24], are  ter compressional, as well as Coulomb, effects.
found to be narrower than the Goldhaber predictions. The
correspondingo(expt) values appear to lie in between
Goldhaber and LR, but closer to the LR predictions, and in
good agreement with the experimental systematics of Mor- The heavy fragments from 140 GeV*°’Au on Au and C
risseyet al. [25] Thus, as expected, the collision dynamics,targets show enhanced transverse momentum components
e.g., the collective effects as modeled by a hydrodynamicalvhen compared to the predictions of models based on
model, affect the transverse momentum more than the longiaucleon momentum distributions in nuclei. The momentum
tudinal. distributions tend to be larger for the Au target, particularly

The above discussion indicates that the “intrinsic” con- for the A= 100 fragments. For the C target tb€p,) and
tributions from internal nucleon momenta to the productiong(p,) structure may be due to the target-projectile size dif-
of the experimental transverse momentum component distrference.
bution widths, are relatively small. With all effects included,
the correspondingr, values are probably near 50 Med/
We might call these intrinsicry(intr). The og(expt) values
(Fig. 3 range largely between-125 and 250 MeW, or The authors are pleased to acknowledge helpful commu-
considerably larger thamry(intr). Originally, we hypoth- nications and AA model data from M. de Jong, A. Junghans,
esized that the additionalpr we first saw in the and K.-H. Schmidt of GSI, and the support of the U.S. Na-
1.2A GeV™%La+C fragmentatiorf9], had a Coulomb com- tional Science Foundation, the U.S. Department of Energy,
ponent,pr(Coul), and a component due to the participantAssociated Western Universities, the National Aeronautics
nucleons transferring energy and momentum to the “spectaand Space Administration, and the German Federal Ministry
tor” fragment. With reasonable assumptions for the nucleorof Research and Development; and the assistance of the
p7 values fromNN (N=nucleon collisions and for nucleon Bevalac Operations Support Groups.
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